We have studied the perpendicular magnetic anisotropy of Co/Pt multilayers and the electron spin injection efficiency by optical spectroscopy from a [Co(0.6 nm)/Pt(1 nm)] 4 /Fe(0.3 nm)/MgO perpendicular tunnel spin injector grown on AlGaAs/GaAs semiconductor light-emitting diodes. We observe a 2.5% circular polarization at low temperature close to the magnetic remanence when the 0.3 nm Fe film of the ferromagnetic injector is sufficiently thin to maintain the magnetization out of plane. The acquired squared magnetization cycle is explained by the remaining interlayer exchange coupling existing between Fe and the (Co/Pt) multilayer through Pt or possible perpendicular magnetic anisotropy at the MgO/Fe interface. The corresponding spin polarization of the current is then estimated as 7%, measured by photoluminescence techniques, after the necessary uprenormalization, taking into account the electron spin-flip rate in the quantum well. In contrast, no circular polarization is observed when the thin Fe layer is removed and despite the rather high magnetic polarizability of the 5d 9 electronic open shell of Pt at the interface with MgO. This emphasizes the reduced size of tunneling branching of wave functions at the interface, of the order of the atomic plane unit.
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I. INTRODUCTION
Spintronics is a science that promotes the use of the charge and spin of carriers to implement additional functionalities in electronic devices. 1, 2 In the field of semiconductors, spintronics becomes an alternative solution to standard electronics technology, which it is known will reach physical limitations in the near future. 3 This explains the large amount of work on spintronics with hybrid metal/semiconductor heterostructures for the past ten years, once it was proposed to solve the problem of impedance mismatch 4 by the use of an interface resistance, typically a tunneling barrier. [5] [6] [7] Various experiments have been performed to detect by electrical (e.g., the electrical Hanle effect) or by optical means a spin-polarized current injected from a ferromagnetic reservoir into a III-V semiconductor through an Al 2 O 3 barrier, [8] [9] [10] [11] [12] through MgO, [12] [13] [14] [15] [16] and through GaO, 17 or into Si through Al 2 O 3 (Refs. [18] [19] [20] [21] [22] and SiO 2 (Refs. [23] [24] [25] as well as into Ge through MgO. [26] [27] [28] [29] [30] [31] [32] [33] [34] Among the latest experiments, the transformation of a spin-polarized electron current into left-or righthanded circularly polarized light in a spin light-emitting diode (spin LED) integrating a III-V semiconductor heterostructure 8, 11, [13] [14] [15] [16] [17] 19, 23, 34, 35 is one of the most striking physical phenomena. The electric dipolar selection rules involved in a quantum well 36 (QW) embedded in a spin LED during electron-hole recombination require spin injection with an out-of-plane magnetization. In most experiments, where the magnetization is constrained to lie in plane due to the dipolar interactions, a perpendicular magnetization is reached by the application of a strong magnetic field, of the order of 1 T or more, along the quantization axis normal to the QW plane. Up to now, very few experiments have been performed on tailored ferromagnetic/semiconductor heterostructures in a remanent state characterized by a spontaneous out-of-plane magnetization. This property can be provided by 3d/4d or 3d/5d ordered alloys in the fcc L1 0 cubic phase presenting alternate planes of magnetic and nonmagnetic atoms, as in CoPt(001), 37, 38 FePt(001), 39 and FePd(001) (Ref. 40 ) compounds, or in 3d/4d or 3d/5d superlattices as in the cases of Co/Pd (Refs. [41] [42] [43] [44] 15 have more recently demonstrated a spin injection efficiency of about 3% at remanence using mixed 3d/4f transition metal/rare earth (Fe/Tb) media. More recently, Höpfner et al. obtained 3% of emitted light helicity at remanence using an (Fe/Tb)/MgO tunnel barrier as perpendicular spin injector and using InGaAs quantum dots as the active layer. Experiments performed on Si devices using a (Co/Pt)/Al 2 O 3 spin injector 19 show clear hysteretic cycles of 1.2% amplitude.
In this paper, we will present experiments on spin injection into an AlGaAs/GaAs spin LED from a [Co(0.6 nm)/Pt (1 nm)] 4 /Fe(0.3 nm)/MgO perpendicular spin injector, i.e., using a (Co/Pt) multilayer structure as out-of-plane magnetization spin injector, analyzing the degree of light helicity emitted from a 10 nm GaAs QW in the near infrared close to 800 nm wavelength. We observe a significant 2.5% circular light polarization close to the magnetic remanent state. This indicates a 7% effective current spin polarization injected in the n-type AlGaAs semiconducting spacer, taking into account the loss of the light circular polarization in the QW. In Sec. II, we present the sample characteristics and its structural and magnetic characterization. In Sec. III, we focus on the magnetic properties (selective magnetic moments, out-of-plane anisotropy, interlayer exchange coupling) of [Co(0.6 nm)/Pt(t nm)](111)-textured multilayers grown by sputtering onto a 20 nm Pt(111)-oriented buffer on SiO 2 . Detailed ab initio calculations performed in the full-potential linearized augmented plane-wave (FP-LAPW) method are presented in Sec. IV to analyze the spin-polarized electronic properties of the 3d/5d Co/Pt multilayer giving rise to the high perpendicular magnetic anisotropy (PMA) observed. Finally the results of electrical spin injection in spin LEDs probed by electroluminescence are discussed in Sec. V, where the total thickness of the multilayers has been made thin enough to allow optical transmission in the near infrared.
II. SAMPLE PREPARATION AND CHARACTERIZATION
(Co/Pt) multilayers were grown by sputtering at room temperature at a base pressure of about 5 × 10 −8 mbar on two different templates. First, a series of samples (A) dedicated to magnetization measurements was fabricated on a thermally oxidized Si(001) wafer on which is grown a 20-nm-thick (111)-oriented fcc Pt buffer as checked by x-ray diffraction techniques; the nominal structure of these samples is SiO 2 //Pt(20 nm)/[Co (0.6 nm)/Pt(X nm)] 5 /Au (10 nm), with X varying from 0.4 to 2.6 nm. Second, a series of samples (B) prepared for spin injection experiments and optical detection consists of a (Co/Pt) multilayer grown on a 2.6-nm-thick MgO tunnel barrier deposited onto an AlGaAs/GaAs n-i-p diode and surmounted by a very thin (0.4-0.6 nm) Pt buffer layer in order to promote a quasi-two-dimensional growth. It then consists of a spin tunnel injector of the form MgO(2.6 nm)/Pt(X Pt nm)/[(Co(0.6 nm)/Pt(1.0 nm)] 4 /Au, with X Pt = 0.4 and 0.6 nm. Finally, a third sample (C) was grown, characterized by the same sequence as samples B except that a thin 0.3 nm Fe film (typically two atomic planes) grown at 350
• C is now inserted between the MgO barrier and a 0.6-nm-thick Pt interlayer spacer in order to restore a quasifull spin polarization at the interface. 10-nm-and 3-nm-thick capping layer of Au and Pt, respectively, were used to prevent oxidization in each case. Spin light-emitting diodes have the following structure sequence: (001) substrate, p = 2 × 10 19 cm −3 /pAl 0.08 Ga 0.92 As-Be, p = 1.7 × 10 19 cm −3 (500 nm)/undoped Al x Al Ga 1−x Al As (50 nm)/undoped GaAs quantum well (10 nm)/undoped Al x Al Ga 1−x Al As (50 nm)/n-Al x Al Ga 1−x Al As (50 nm), n = 1 × 10 16 cm −3 /Si with x Al = 0.08 and 0.15 respectively for series B and sample C. The surface was passivated with arsenic in the molecular-beam epitaxy chamber and then transferred in air into a magnetron sputtering system to grow the (Co/Pt)/MgO spin injector. Details of the preparation can be found elsewhere in the same kind of samples with tunnel injector. 14 We present in Fig. 1 as indicated by the out-of-plane hysteresis cycle acquired at room temperature and displayed in Fig. 1(c) . It is characterized by a coercive field of about 250 Oe for 1 nm Pt thickness. In contrast, the alternating gradient force magnetometer (AGFM) hysteresis loops measured with the magnetic field applied in the film plane [ Fig. 1(c) ] highlight a gradual rotation of the magnetization towards the in-plane direction up to a saturation field H S close to 3 kOe. The latter quantity reveals the strength of the effective anisotropy field. These measurements indicate an in-plane magnetic hard axis and a strong PMA whose origin lies in the presence of a large interfacial anisotropy energy term K S at each (Co/Pt) interface. After minimization of the overall free-energy density, the saturation field along the hard axis can Intensity (counts a.u.)
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Note that the position of the Co peak is at a larger angle compared to the (111) Pt peak, which evidences a smaller interplane distance for Co of about 0.204 nm, close to one-half of the c parameter of bulk hcp Co (c = 0.407 nm). Moreover, complementary magnetic analysis (not presented) has shown that three monolayers of Pt (0.6 nm) were sufficient to promote a(111) texture favorable for obtaining a perpendicular magnetic anisotropy in (Co/Pt) multilayers. This explains our choice for the design of samples of series B and C grown on a thin MgO barrier onto LED structures and where the magnetic properties of the (Co/Pt) multilayers on the top are expected to keep their own intrinsic magnetic properties for PMA.
III. MAGNETIC PROPERTIES OF (111)-ORIENTED (Co/Pt) MULTILAYERS
We now address the effect of the Pt thickness on the magnetic properties for samples grown on a 20-nm-Pt buffer (series A), i.e., considering the SiO 2 //Pt(20 nm)/[Co(0.6 nm)/Pt(X nm)] 5 /Au (10 nm) samples, with X ranging from 0.4 to 2.6 nm. at saturation) clearly demonstrates the presence of a strong PMA for the whole sample series when X > 0.4 nm. We observe the same behavior for X > 1.4 nm up to X = 2.6 nm (not shown). The characteristic hard-like shape of the magnetization hysteresis measured on the sample with X = 0.2 together with the reduced remanence M R /M S ≈ 0.65 for X = 0.4 nm emphasize a loss of PMA properties for the thinnest Pt spacer. The same feature occurs for the smallest 0.2 nm Co thickness (not shown). This loss of PMA mainly results from the discontinuity of the coverage close to one Pt monolayer, at least for X = 0.2 nm, leading to interdiffusion and alloying between Co and Pt, 50 and finally to interfaces that are not chemically well defined at the length scale of one atomic plane. As in CoPt 3 in the L1 2 cubic phase considered as a model system, a local chemical disorder at interfaces has the effect of strongly reducing the PMA. 51 In the same spirit, Tyson et al. 52 measured by x-ray absorption the rise of PMA in the L1 2 CoPt 3 phase by the preferential formation of Co-Co (Co-Pt) atomic bonds in the in-plane (out-of-plane) direction, thus leading to same conclusion that a disorder, mixing the direction of (Co and Pt) chemical bonds, destroys the PMA. Another argument in favor of alloying and disorder in the thinnest Co or Pt layers is an anomalous increase of the magnetic moment at the (Co/Pt) interfaces due to the high magnetic polarizability of 5d 9 Pt. We will come back to this point in Sec. IV dealing with ab initio calculations of the electronic properties of such Co/Pt multilayers. (0.6 nm)/Pt(X nm) superlattices. An average enhancement of 300 emu/cm 3 per unit Co volume occurs, which results, first, in the magnetic polarization of the 5d 9 configuration of Pt by hybridization with Co and, second, in a strong increase of the magnetic moment of Co itself. As an example, a reasonable total magnetic moment on Pt of the order of 0.5μ B /atomic surface summed over all inner atomic planes [53] [54] [55] [56] [57] would give a magnetization at saturation of about 170 emu/cm 3 normalized to the effective Co volume. This should be complemented by an increase of the Co moment itself of about 130 emu/cm 3 (+0.15μ B /Co atom). The very large increase of the magnetic moment observed for the smallest Pt thickness (X = 0.2-0.4 nm), as high as 2200 emu/cm 3 , may be assigned to the chemical disorder, Pt interdiffusion, and alloying at the Co/Pt interfaces as shown recently by Sipr et al. 58 and as calculated in the following section. The origin of the relative modest magnetic moment M S measured on the X = 0.6 nm sample (1500 emu/cm 3 ) as well as the apparent oscillatory behavior of M S around its average value (1700 emu/cm 3 ) for X > 0.6 nm, which seems to depart from the error bars, remains unclear.
Let us discuss the existence of a possible Ruderman-KittelKayusa-Yosida interlayer exchange coupling 59 (IEC) in Co/Pt multilayers, as in the model by Bruno. 60 In the inset of Fig. 3 , we display the oscillatory behavior of the coercive field H C of the different samples vs the thickness of the Pt spacer, extracted from the hysteresis cycles acquired at 300 K, and as already observed in identical (Co/Pt) systems. [61] [62] [63] According to the conclusions of Ref. 61 , such oscillations seem to indicate an intrinsic interlayer exchange coupling between adjacent Co layers mediated through Pt, 62, 63 with two different oscillation periods of respectively 2.7 and 0.6 nm, 61 and as indicated by the arrows in the inset of Fig. 2 showing the 0.6 nm periodicity (the 2.7 nm periodicity cannot be seen). We will come back to the problem of IEC between Co and Fe in the [Co/Pt]/Fe system for the specific sample C for which significant circularly polarized light emitted from the corresponding spin LED in magnetic remanence appears, which may support this IEC scenario.
IV. MAGNETIC MOMENTS AND PERPENDICULAR MAGNETIC ANISOTROPY: FP-LAPW ab initio CALCULATIONS
Ab initio calculations of the selective magnetic moments and magnetic anisotropy in (Co/Pt) multilayers have been carried out within the density functional theory approach using the full-potential linearized augmented plane-wave formalism [64] [65] [66] [67] implemented with the FLEUR code. 68, 69 To describe electronic exchange and correlation, we employed the functional proposed by Perdew, Burke, and Ernzehof 70 within the generalized-gradient approximation. The spin-orbit coupling is treated from a fully relativistic point of view, which allows a self-consistent calculation of orbital moments and orbital anisotropy energy. The studied multilayers are composed of (111)-oriented Co(n)/Pt(m) infinite multilayers, where the indices n and m denote the numbers of atomic planes within the Co and Pt layers, respectively. The calculations have been carried out by considering the corresponding stacking sequences, i.e., AB-like hcp or ABC-like (111)-oriented fcc (μeV/atom) related to the different Co(n)Pt(m) multilayers. For thin Co layers (no more than three atomic planes), the in-plane hexagonal hcp structure has atomic parameter a = 0.276 nm, matching the (111)-oriented fcc Pt bulk lattice. This corresponds to an in-plane size expansion of the Co lattice of 10% compared to its bulk hcp value of 0.251 nm. The plane-to-plane interatomic distance was fixed to d = 0.204 nm in agreement with x-ray data. CoPt a (a indicating alloying) corresponds to a tetragonal structure of lattice parameters a = 0.311 nm and b = 0.280 nm with a Pt atom at each corner and a Co atom in the center. The first, second, third, and fourth lines correspond, respectively, to spin μ S , orbital μ L , and total μ T magnetic moments [⊥ ( ) for out-of-plane (in-plane) magnetization]. The numbers (1), (2) in the first column index the Co and Pt atomic planes from the Co/Pt interface (1) to the inner plane of the bulk layers (2) . M S is the total magnetization at saturation. Magnetocrystalline Anisotropy (MCA) is the magnetic crystalline anisotropy, i.e., the difference of energy between in-plane and out-of-plane magnetic configurations.
Co (1)Pt (1) Co (2) stacking, giving the PMA and minimizing the total free energy with an in-plane lattice parameter of a = 0.276 nm, corresponding to the bulk (111) fcc Pt lattice. This corresponds to an in-plane size expansion of the Co lattice of + 10% compared to its bulk hcp value of in-plane parameter a = 0.251 nm. The plane-to-plane interatomic distance was fixed close to its bulk value of d = 0.204 nm as indicated by x-ray data, thus leading to an effective atomic volume of about 13.6Å 3 , in agreement with previous arguments given in Ref. 57 for the case of Co monolayers grown on a (111) Pt substrate. Second, in order to model the Co-Pt disorder or intermixing at each Co/Pt interface, we have calculated the magnetic moments induced by a (local) symmetry described by a CoPt a (a indicating alloying) tetragonal cell of lattice parameters a = 0.311 nm and b = 0.280 nm with a Pt atom at each corner and a Co atom at the center of the cell and the same atomic volume as the hexagonal structure described here. Such a (local) tetragonal structure mimics the maximal disorder between Co and Pt with the same interatomic distance and the same strain field as the (Co/Pt) multilayers described previously.
Results of the different calculations are gathered in Table  I . Let us comment on the enhancement of the magnetic moments of [Co(0.6 nm)/Pt(X nm)] 5 multilayers reported in Fig. 4 , corresponding to Co(3)/Pt(m) sequences where the magnetic moments on Co are seen to be enhanced compared to the hcp bulk (1.74μ B /atom) and where a significant magnetic moment appears on Pt. For the thicker Pt spacer (Fig. 4) , the average magnetic moment, measured to be about 1700 emu/cm 3 , is calculated to be equal to 1610 emu/cm 3 for Co(3)Pt(3), which is assumed to be representative of the Co(3)Pt(m) structures for m 3 as the three Pt layers are assumed to contain the full magnetization of Pt of about 0.6μ B /atom. [53] [54] [55] [56] [57] In this picture, the slight difference between the measured and calculated moments originates from CoPt alloying and interdiffusion, which can be schematically described by a thin CoPt a interdiffusion layer at each Co/Pt interface, leading to an enhancement of the magnetic moment from 1610 emu/cm 3 to about 1700 emu/cm 3 , assuming that the value for the Co(3)Pt(3) structure can be roughly considered as an average between the Co(2)Pt (2) and CoPt a configurations. Correspondingly, the magnetic anisotropy for the [Co(0.6 nm)Pt(0.6 nm)] 5 multilayer [Co(3)Pt(3) structure], measured to be about 1 mJ m −2 per Co layer, is calculated to be 4.9 mJ m −2 /Co layer for Co(2)Pt(2) and Co(3)Pt(3) ( Table I) . Interface alloying and intermixing roughly decrease the PMA value to about one-half of 4.9 mJ m −2 /Co layer, that is, 2 mJ m −2 /Co layer, in rather close agreement with the experiments. This anisotropy value for (Co/Pt) is also in excellent agreement with the value of 690 μeV/Co atom obtained by local spin density approximation calculations for a Co monolayer. 57 However, the experimental Magnetic Anisotropy energy (MAE) for CoPt in the L1 0 phase appears to be stronger, of the order of 1-2 meV/Co atom, 37, 38 in agreement with calculations performed in the 1990s. 51, 71, 72 This larger MAE may be due to the higher number of Pt atoms neighboring each Co site. For the thinnest Pt spacer X = 0.2-0.4 nm [Pt and Pt(2)], the measured magnetic moment appears considerably larger than those calculated for Co(3)Pt(1), and Co(3)Pt(3) and their average value, expected to be close to that for Co(3)Pt(2). This indicates a strong enhancement of the magnetic moment due to Co-Pt interdiffusion and alloying, as calculated for the CoPt a tetragonal structure in Table I up to 1760 emu/cm 3 . In parallel, the loss of the squareness of the out-of-plane magnetization cycles for the corresponding samples (thinnest Pt spacer) must be due to a lower PMA for the tetragonal structure compared to the hexagonal lattice, strongly reducing the magnetic moment at remanence.
Whereas the enhancement of the magnetic moment of Co (Table I ) mainly originates from the in-plane size extension of the lattice parameter, the relatively small value of the Co average orbital moment μ L (bulk value 0.14μ B /atom) is explained by a larger strength of the out-of-plane 3d-5d Co-Pt bonds relative to the in-plane 3d-3d Co-Co bonds. 73 The result is a larger effective bandwidth for out-of-plane orbitals, 74 which is also responsible for the anisotropy of the Co orbital moment, with a difference μ
between the out-of-plane (⊥) and in-plane ( ) magnetization according to the argument of Stöhr. 74 Such anisotropy of μ L , reported in Table I , appears naturally within the approach proposed by Bruno. 75 The PMA of transition metal alloys can be explained through a simple linear relationship between E MCA and μ ⊥ L − μ L using a perturbative treatment at the second order for the spin-orbit interactions. This approach was refined later on by van der Laan 76 by including spin-mixing terms due to both majority-and minority-spin band contributions. It remains that a fair quantitative model requires consideration of orbitaldependent hybridization and selective charge and d-bandwidth anisotropy within a generalized anisotropic ligand-field model as was proposed in the early 2000s.
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V. INTERLAYER EXCHANGE COUPLING AND SPIN INJECTION PROBLEM
Polarization-resolved electroluminescence (EL) measurements performed on samples of series B and C allows us to probe the spin injection efficiency in the AlGaAs region from the [Co/Pt] n (Fe)/MgO perpendicular injector. The spin LEDs were placed in a cryostat into a Helmoltz split magnetic coil, providing a maximum magnetic field B of 8 kOe normal to the sample plane. The EL signal was detected in the Faraday geometry at a temperature of 20 K. The EL circular polarization P C was analyzed through a λ/4 wave plate and a linear analyzer; it is defined as P C = (I also performed polarization-resolved EL measurements (not shown) on the sample B with X Pt = 0.4 nm in the same experimental conditions, and the optical circular polarization remains very low ( 1%).
In sample C with X Pt = 0.6 nm, a thin 0.3 nm Fe layer has been inserted at the interface with MgO. For this sample, the quantum-well EL circularly polarized components I σ + and I σ − emitted at a wavelength of 800 nm are displayed in Fig. 6 (a) (and the corresponding upper inset) under a saturation field of 0.45 kOe. In contrast to sample series A and B, one observes a clear nonzero circular polarization of the luminescence. The EL circular polarization is maximal, that is, P c = (3.0 ± 0.7)% for an applied bias of 2.4 eV [lower inset in Fig. 6(a) ]. Figure 7 displays a (2.5 ± 0.7)% EL polarization under the same level of bias at remanence, that is, without applied magnetic field. The spurious contribution due to magnetic circular dichroism (MCD) of the ferromagnetic layers, smaller than 0.3% in the present case, has been evaluated by measuring the EL polarization using an independent technique: polarization-resolved cw photoluminescence (PL) under linearly polarized light (see, for example, Refs. 15, 77, and 78) and a longitudinal magnetic field varying between −1 and + 1 kOe. In such experiments, the quantum well embedded in the mesa structure is excited by a He-Ne laser (λ = 632 nm, corresponding to a photon energy of 1.96 eV, that is, above the AlGaAs gap). Owing to the linear polarization, the rates of electrons photogenerated with spins up and down are equal, as for the holes. This then normally leads to PL emission of unpolarized light from electron-hole recombination within the QW. The PL circular polarization measured remains from MCD related to the optical absorption coefficient of the magnetic multilayer itself. In PL experiments, the contribution from excitation and emission is twice as high compared to spin LED EL operations where the injection is made electrically. We show in Fig. 6 that the MCD contribution is negligible (<0.3% in absolute value) compared to the EL circular polarization measured (2.5%-3.5%).
In order to extract the real electron spin polarization injected in the semiconductor QW, this value of 2.5% at remanence has to be up-renormalized by a typical factor of (1 + τ r /τ sf ) (where τ r is the recombination time, and τ sf is the spin lifetime), in order to take into account the electron spin-relaxation time in the quantum well during electron-hole recombination.
14 In order to estimate τ r and τ sf , we have performed complementary time-and polarization-resolved photoluminescence experiments at 20 K under pulsed laser excitation (pulse width of about 1.5 ps from a mode-locked Ti:sapphire laser) at E exc = 1.670 eV using a Si photocathode streak camera with an overall time resolution of about 8 ps. From the decays of the PL total intensity and the PL circular polarization as a function of time (Fig. 5) , one can estimate τ r ≈ 735 ± 30 ps and τ sf ≈ 410 ± 30 ps. This leads to a factor 1 + τ r /τ sf close to 2.8, and a corresponding up-renormalization of the spin polarization of the electrons injected to about 7% at 20 K. Figure 7 describes the hysteresis cycle of the EL circular polarization (full squares) acquired at 20 K on sample C, matching quite well with the magnetization cycle of the whole magnetic injector (inset of Fig. 6 ). This clearly demonstrates an out-of-plane magnetization for the whole (Co/Pt)-Fe system together with an electrical spin injection from the thin Fe layer, at least at low temperature, by tunneling into AlGaAs. Such a small Fe thickness (about two atomic planes in the bcc phase) has been chosen to maintain the overall magnetization out of plane. In the limit of a strong ferromagnetic coupling between the (Co/Pt) multilayers and the Fe film, e.g., mediated by interlayer exchange coupling, the condition for out-of-plane magnetization is 
where H S stands for the saturation field (or effective anisotropy field) in the film plane of the (Co/Pt) multilayer system, Nt Co the effective thickness of Co, M Fe S the magnetization at saturation of Fe, and t Fe the thickness of the Fe layer. This gives t Fe 0.3 nm, which strongly restricts the choice in the Fe thickness. Above this value, the overall magnetization should rotate in the plane of the films in the absence of any surface anisotropy at the Fe/Pt and Fe/MgO interfaces. However, at this stage, one cannot totally discard the idea that the corresponding perpendicular magnetic anisotropy arises, in part, from the contribution of an out-of-plane pure interfacial anisotropy between epitaxial MgO and Fe layers as argued by Yang et al. in a recent paper. 79 Nevertheless, the relatively low value (7%) of the EL circular polarization measured compared to the spin polarization of Fe (about 40%) can be understood as coming from a certain discontinuity of the Fe layer on MgO owing to nonperfect epitaxial growth, leading to paramagnetic islands. This is supported by the decrease of the polarized EL signal which disappears over 70 K (not shown). Our experiments performed on series B clearly indicate a loss of the spin polarization of carriers injected from the Pt spacer, leading to a vanishing spin injection for X Pt = 0.6 nm and 0.4 nm (two atomic planes). This results from the reduced extent of the tunneling branching of the corresponding wave function at barrier/metal interfaces with a characteristic length hardly exceeding one or two atomic planes inside the metallic electrode. 80, 81 Finally, our experiment performed on sample C seems to demonstrate a (ferromagnetic) interlayer exchange coupling between the Co/Pt multilayer and the thin Fe layer mediated through the 0.6-nm-thick Pt, as evidenced in a recently in the case of Pd/NiFe multilayers.
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VI. CONCLUSIONS
To conclude, we have performed a detailed study of (Co/Pt) multilayer systems grown by sputtering that exhibit an out-ofplane magnetization, focused on spin injection experiments in remanence in spin LED devices. The constraint of initiating the growth of (Co/Pt) multilayers on MgO barriers with Pt layers of thickness larger than X Pt 0.4 nm leads to vanishing spin injection due to reduced magnetization at the Pt/MgO interfaces, the tunneling branching process operating at distances no more than two atomic planes from the interface. The insertion of a 0.3 nm Fe layer at the direct interface with MgO, sufficiently thin to maintain out-of-plane magnetization, allowsrestoration of a partial spin injection efficiency (an electroluminescence circular polarization of 2.5% is measured, corresponding to a spin polarization of the injected electrons of about 7% at low temperature and in the absence of any applied magnetic field). Complementary studies are currently being carried out to search for a possible PMA in MgO/CoFeB/Ta systems.
